Lithium intercalation into graphite is a critical process in energy storage technology. Studies of Li intercalation kinetics have proved challenging due to structural and phase complexity, and sample heterogeneity. Here we report direct time-and space-resolved, all-optical measurement of Li intercalation. We use a single crystal graphite electrode with lithographically defined disc geometry. All-optical, Raman and reflectance measurements distinguish the intrinsic intercalation process from side reactions, and provide new insight into the microscopic intercalation process. The recently proposed Cahn-Hilliard reaction
(CHR) theory quantitatively captures the observed phase front spatial patterns and dynamics, using a two-layer free-energy model with novel, generalized Butler-Volmer kinetics. This approach unites Cahn-Hilliard and electrochemical kinetics, using a thermodynamically consistent description of the Li injection reaction at the crystal edge that involves a cooperative opening of graphene planes. The excellent agreement between experiment and theory presented here, with single-crystal resolution, provides strong support for the CHR theory of solid-state reactions.
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Intercalation kinetics, optical reflectance, Raman spectroscopy, Cahn-Hilliard Reaction Dynamics, graphite, lithium, solid-solid phase transition TEXT Graphite intercalation compounds (GICs) are stoichiometric, thermodynamically stable materials in which graphite in-plane electrical conductivity is significantly increased by electron or hole doping from species between layers . 1 Lithium intercalated graphite shows a rich phase diagram and is widely used as the anode in batteries and other electrochemical energy storage systems. Understanding Li intercalation is a critical technological problem that has been studied principally using electrochemical methods: [2] [3] [4] [5] [6] [7] [8] potentiostatic intermittent titration (PITT), galvanostatic intermittent titration (GITT), electrochemical impedance spectroscopy (EIS), and slow scan rate cyclic voltammetry(CV). Additional information on elementary atomic hopping steps of Li transport has also been obtained from nuclear magnetic resonance. 9 While these methods yield valuable insight, electrical measurements alone cannot uniquely specify the kinetics. 3, 7 Electrical measurements couple the sequential formation of different GIC phases with Li + transport in the electrolyte, interfacial (electrolyte/graphite) Li + injection, and side redox reactions. Moreover, common graphite anodes are inhomogeneous, consisting of heterogeneous graphite particles connected by polymer binders. In such samples, phase nucleation and growth, as a function of increasing Li concentration, is wildly heterogeneous, 10 as also observed in phase-separating Li-ion battery porous cathodes. [11] [12] [13] As a result of these and other complications 27 , reported values of the Li diffusion coefficient inside graphite vary by about 10 orders of magnitude, from 10 -6 to 10 -16 cm 2 /s. 4, 14 We report direct all-optical reflectance imaging of Li intercalation kinetics into a lithographically defined, single crystal of bulk graphite. Classical diffusion models fail to capture the propagating phase fronts and concentration profiles, but we show, for the first time, that the recently developed Cahn-Hillard reaction (CHR) theory of non-equilibrium phase separating systems 24, 26 can quantitatively describe our observations, using a periodic two-layer free energy model 27 with novel generalized Butler-Volmer kinetics. Strong Li interactions create alternating, distinct Li concentrations between adjacent graphene layers that form three stable phases: both layers full, both empty, and alternating full and empty layers in checkerboard patterns. The model allows us to infer a cooperative intercalation reaction mechanism, which depends critically on Li concentration in graphite near the interface.
Optical images of Li intercalation , 15, 16 some into single crystal graphite 9, 14 have been previously reported. However, these studies were electrochemical in nature, in that their quantitative conclusions were based on electrochemical current-voltage measurements. They were also interpreted within a diffusion framework.
Observation and Simulation
Intercalation is initiated by a voltage step, which charges the graphite negatively. Li ions are injected at the crystal edge from the electrolyte. At low Li concentration, there is a dilute solid solution of Li in graphite with isolated Li species distributed across all graphene layers. As the concentration increases, regions of fixed local structure and stoichiometry (phases or stages) form.
The stage number n in Figure 1 is the number of graphene layers without intercalated Li between two complete, crystalline intercalated Li monolayers. The GIC undergoes first order phase transitions through a sequence of dilute stage 1', stage 4, stage 3, stage 2 and finally stage 1 17, 18 .
Stage 1 (stoichiometric LiC6) has an intercalated Li crystalline monolayer between every graphene sheet.
Electrical and optical properties are strongly dependent on in-plane ordering and stage number. Figure 2 shows the sequential optical reflection images observed during intercalation into a 50m diameter single crystal graphite disc (device schematic in supporting information). GIC stages exhibit distinct colors, resulting from the increasing density of delocalized Drude in-plane graphene metallic electrons donated by intercalated Li. With increasing Li concentration, the Drude plasma edge shifts into the visible from the infrared. [19] [20] [21] [22] Stage 3 is green, stage 2 is red, and stage 1 is golden; these assignments are confirmed by in-situ Raman spectroscopy (supporting information) and agree well with previous reports 23 . The entire intercalation sequence is reversible if voltage is reduced to zero.
We can distinguish different kinetic regimes in these images. When Li diffusion from the edge to the center is fast with respect to Li interface injection at the edge, and when the internal concentrations are not within the miscibility gap, the Li concentration is uniform across the entire disk. This occurs in dilute stage 1'as concentration increases; the graphite gradually and uniformly darkens. Darkening reflects the reduction of free carrier lifetime in the presence of random distributed Li. Next, nucleation of green phase 3 occurs homogeneously across the disc.
However, the red colored stage 2 phase subsequently nucleates at the boundary of the disk (Fig.   2c ). This indicates that Li transport through stoichiometric stage 2, to the stage 3/stage 2 boundary moving towards the center, is slower than the initial diffusion in dilute stage 1'. Furthermore, nucleation of golden stage 1 occurs almost immediately at the edge after stage 2 forms. The system is out of equilibrium, building up high Li concentration at the edge, as evidenced by the fact that three different phases (3, 2, and 1) are observed simultaneously. Only two phases (2 and 1 for x>0.5 in LixC6) exist simultaneously in the equilibrium phase diagram. 18 As the phase boundaries propagate towards the disk center, green phase 3 disappears first, followed by stage 2, leaving only stage 1.
After stage 3 forms, the total Li content in the graphite disk can be obtained directly from the images. The Li content in each phase is the geometrical area multiplied by the Li density from stoichiometry. The sum from all phases is the total Li content in Figure 3A . The dotted line represents the growth of dilute stage 1'and stage 3. The first data point corresponds to the first image showing the boundary between stage 3 and stage 2. The injection rate of Li at the circumference, (i.e., the slope of the total Li content curve) slows down as Li becomes more concentrated. This kinetic measurement from optical reflectivity is free from other complicating simultaneous electrochemical processes that consume Li. Indeed we observed "blue film" formation around the electrodes resulting from chemical reduction of the polymer electrolyte, as reported by previous workers. 10 While the initial formation of dilute stage 1' involves diffusion of Li from the edge, the formation of the more concentrated phases is a complex problem of solid state chemical kinetics. Existing intercalation models assume that diffusion within each phase is rate-limiting 6,24,25 26 , as originally discussed by Wagner 27 and used to interpret electrochemical measurements, but this is only valid for solid solutions. Naïve application of the diffusion equation cannot capture the spontaneous formation of phase boundaries upon phase separation, nor capture the alternating stage 2 structure.
More generally, transport is driven by free energy gradients. Our system is out of equilibrium and exhibits stoichiometric phase formation from strong interaction among Li atoms, both in-plane and across graphene layers. To capture these aspects, we adapt the Cahn-Hillard reaction (CHR) theory of Bazant and coworkers 11, 28, 29 for graphite with a periodic two-layer regular solution model 27 In addition to Li transport within the graphite, we find that Li injection kinetics also affected the overall dynamics. We relate the Li injection flux to the electrochemical free energy change with a Computer simulation ( Figure 5 and a movie in supplemental) shows each intralayer region spontaneously separating into Li-rich and Li-poor phases, forming a "checkerboard" pattern, much like the schematic originally proposed by Daumas and Hérold 30 and supported by some modeling [31] [32] [33] and experimental [34] [35] [36] studies. The simulation closely matches the observed kinetics.
Discussion and the Diffusion Approximation
We have described a free energy model which, when coupled with extended Cahn-Hillard reaction dynamics and a simple, physically motivated Li injection model, captures both the nonequilibrium motion of lithiated graphite phase boundaries and the checkerboard distribution of Li in the Stage II region. Although we do not explicitly model local deformations to account for elastic strain effects, the energetic attraction and repulsion terms partially account for local stress effects of stage formation. 37 In addition, graphite has transverse isotropy within the modeled planes, 38 so the effect of in-plane strains would primarily simply enhance the transport rate and broaden the observed interfaces. 39 Because the system is not clamped from above, we also postulate that c-axis strains could relieve stress, which could explain why we did not find it necessary to explicitly describe elastic effects to capture the phase propagation dynamics.
The injection model (adapted from previous work 28 ) describes the proposed cooperative mechanism in Figure 4 , in which intercalation requires both occupied and unoccupied sites near the crystal surface to proceed. This reaction model gave the best comparison to data among several reasonable possibilities (see supporting information). Thus the injection reaction directly impacts the overall dynamics. Although internal transport clearly limits the process at late times as the lithium transports the 25 to the center of the disc, the specifics of the injection resistance are important to capture the experimental results. These free energy and injection models provide a framework that can also be used in other non-equilibrium situations such as practical battery discharge at constant current, or even full porous electrode simulations 11, 13 .
Other, more involved thermodynamic treatments 40 can predict higher stage number structures.
Our simplified model allows for both complete simulation of highly non-equilibrium dynamics as . Our studies provide strong evidence to support the CHR approach to both solid-state structure and dynamics.
Methods
Sample preparation and device fabrication
Bulk Kish graphite samples were mechanically exfoliated onto a Si substrate with 285nm thermal oxide, and selected by visual inspection through an optical microscope. 41 The entire process of electrolyte preparation and device assembly was performed in a glove box.
H2O and O2 concentrations in the glove box were maintained below 1ppm. The electrolyte and Li electrode were not in contact with ambient atmosphere at any time.
Instrumentation and characterization
After assembly the optical cryostat was taken out of the glove box and connected to a turbo pump. The pressure inside the sample chamber was at the level of 10 -5 torr. The cryostat was also electrically connected to a temperature controller. The temperature was maintained at 338 K. The optical cryostat was mounted on a home built micro Raman setup using the 514nm line of an Argon ion laser. For optical microscopy a quartz tungsten halogen lamp was used for illumination. An 
Data Analysis
Each micrograph image was registered by a translation operation to account for spatial drifting during the experiment. The processed images were segmented with a color based K-means clustering algorithm 44 . Segmentation in Lab color space and RGB color space were performed.
RGB color space was used since it gave a cleaner segmentation under our experimental conditions. The total number of pixels contained in each segment was recorded as a direct measurement of the area of a given stage n.
Numerical Simulations
Constant voltage simulations were carried out in time and one spatial (radial) dimension, assuming cylindrical geometry with radial symmetry. Finite volume discretization was used in space with minor modifications for geometry following the reference 29 . Time integration was carried out using DAE Tools 45 , which wraps the SUNDIALS integration suite 46 This material is available free of charge via the Internet at http://pubs.acs.org.
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Device schematic and reaction initiation
Li intercalation reaction was initiated by applying a -5V step voltage to the device. We studied the voltage dependence of reaction initiation by applying a series of step voltages. Intercalation proceeded ultimately to stage 1 for applied voltages higher than -4V. Below this threshold voltage, we only saw partial intercalation with low concentration phases.
Apparent high overpotential and parallel reaction model
The high observed overpotential appears to be a consequence of the nonlinear Butler-Volmer relationship between voltage and resistance, combined with a side reaction preceding the energetic intercalation reaction. This overpotential is not fully characterized.
The equivalent circuit of our device consists of an internal resistance (e.g. electrolyte and contact resistances) in series with the parallel combination of two electrochemical reactions: Li intercalation and the working electrode/electrolyte surface reaction.
The resistance of the two parallel reactions is described by separate Butler-Volmer equations. At high potential, both reactions are highly resistive with negligible currents. As the potential drops, the side reaction reducing the electrolyte on the electrode surface precedes the Li intercalation reaction. In other words, the side reaction has a higher potential vs. Li/Li+ than the intercalation. The side reaction resistance drops exponentially as its threshold is exceeded. This effectively shorts the intercalation reaction, and makes the high internal resistance a more dominating element in the equivalent circuit. Beyond this point, extra voltage applied is mainly dissipated by the electrolyte and side reactions, rather than the intercalation element, and thus little interfacial current goes toward intercalation. The combination of these aspects results in the apparent high overpotential needed to turn on the Li intercalation in our experiments.
This type of behavior has been extensively observed as the Solid-Electrolyte Interphase formation preceding the first charging cycle in Li-ion batteries.
This circuit model can quantitatively reproduce the observed high overpotential. We note that the Butler-Volmer equation loses accuracy in the large overpotential regime and tends to overestimate the current (underestimate the resistance) compared to Marcus theory of charge transfer, as revealed by recent experiments on Li intercalation. 1 However the qualitative explanation of the large voltage would be unchanged. A more complete development of these ideas is presently underway. Figure S2 shows electrochemical characterization of the microscopic single-flake devices used in the intercalation measurements. Figure S2A plots the voltage-time and current-time traces during Li intercalation, after a step voltage was applied. The measured I-t trace shows no clear structured features related to the graphite intercalation stage transformation. Because we study a micron-sized single flake, rather than a macroscopic graphite electrode, side reactions and film formation should generate currents orders of magnitude larger than the intrinsic intercalation current. Despite the absence of intercalation current features, we can directly probe the intercalation kinetics by alloptical measurements as described in the text. Figure S2B , C, and D give an overview of the electrochemical characteristics of the device before Li intercalation. The microscopic device showed very high impedance under the open circuit condition, compared with macroscopic cells. 2, 3 
Electrochemical device characterization
Time lapse movie
A movie of Li intercalation is compiled from time lapse imaging data, and is available in the attachment. Figure S3 . Raman spectra of Ligraphite intercalation system in different stages. The spectra are vertically offset for a clearer display. The peak near 1580cm -1 is the graphite G peak. The peak around 2700cm -1 is the graphite 2D peak. The peaks below G peak are from PEO and P(EO)-Li complexes. 4 Stage 1 intercalation compound was achieved with external applied voltage at -5V.
Raman Characterization
Phase assignments are confirmed by Raman spectra in figure S3 . The graphene G peak near 1580 cm -1 shows electronic resonance intensity enhancement and shifts to higher frequency with the concentration of free in-plane graphite electrons. It is diagnostic for electronic structure, clearly evolving from one phase to the next. For n=3 and higher stages, the G peak splits into two as there are two physically inequivalent graphene layers: highly doped graphene in direct contact with intercalated Li , and interior graphene with little doping, similar to pristine graphite. Similar two-peak Raman spectra have been recently observed in few layer graphenes with adsorbed NO2, which is a strong electron acceptor. 5 For stage 2 GIC, in which all graphene layers are equivalent, there is only one G peak with weaker intensity. It is softened to a lower frequency than the direct contact G peak in stage 3, indicating a higher doping level in stage 2, explained by an in plane lattice expansion accompanying such higher doping 6 . For stage 1, the G mode is absent. This vanishing behavior, and the weak intensity of the G mode in stage 2, in part occur because of a loss of electronic resonance Raman enhancement, which occurs as the interband visible optical absorption bleaches for Fermi level shifts of about 1 eV. Note that several theoretical calculations indicate that stage 1 LiC6 charge transfer from Li atom to graphene approaches 100%. 7, 8 
Theory
The free energy density of each layer is modeled as a regular solution with a gradient energy penalty,
and the total free energy density is given by the sum of the two layers' free energy densities and interaction energies,
where is the maximum concentration of lithium within a layer, is the Boltzmann constant, is the absolute temperature, is the local filling fraction in layer , Ω is the regular solution interaction of particles and holes within a layer, is the gradient energy penalty, Ω penalizes regions in which adjacent layers are full, and Ω penalizes regions in which adjacent layers are both in intermediate filling fractions. Chemical potentials in each layer are obtained from a variational derivative of the free energy with respect to the layer concentration. The thermodynamic treatment is similar to that in previous work describing staging dynamics in graphite [9] [10] [11] . For a review of work on graphite staging dynamics, see reference below 12 .
For our reaction boundary condition in each layer, we implement a thermodynamically consistent version of the symmetric Butler-Volmer equation 13 . Assuming unit activity of lithium in the electrolyte and defining to be the difference between the standard (defined by Eq. S1 and S2) and applied interfacial voltage,
where ̂ is a unit outward pointing normal vector, ( ) is the flux at the particle surface in layer , 0 is the reaction rate constant per unit reacting surface area, ‡, is the activity coefficient of the reaction transition state, is the elementary charge, and is the activity of intercalated lithium at the surface (from Eq. S1 and S2). The last expression comes from assuming the rate of reduction is much faster than that of oxidation, which is true for the large majority of the simulation and results in an effective reaction parameter, = 0 exp( /2 ). We find simulation results are primarily sensitive to this lumped parameter rather than 0 and independently. The description is completed by our model for the activity coefficient for the transition state, which is discussed in the main text. Mathematically, ‡, = 
where , is the filling fraction of lithium at the surface of layer . This expression is a result of assuming the activity of the transition state is described simply by entropic effects, and a transition state can only be placed at a surface site in which there is both a particle and a hole nearby. 13 Other reasonable assumptions for the transition state could be (1) simple dilute solution, ‡, = 1, (2) requiring only a nearby hole, ‡, = 1/(1 − , ), (3) requiring a hole in both layers, ‡, = 1/(1 − 1, )(1 − 2, ), (4) requiring both a hole and particle in both layers, ‡, = 1/( 1, (1 − 1, ) 2, (1 − 2, )), (5) or requiring only a nearby particle, ‡, = 1/ , . None of these alternatives provided fits as close to the data as the model requiring a nearby hole and particle in the reacting layer, as in Eq. S4.
We note that the above formulation assumes constant concentration and electric potential in the electrolyte around the graphite disc. A more complete formulation could account for electrolyte transport, which we neglect here for simplicity. A rough estimation of the limiting current in the electrolyte compared to experimentally measured electrical current through the outer circuit suggests that electroltye transport could have a non-trivial effect and could be related, e.g., to the breaking of symmetry in the injection around the disc. However, symmetry could also be broken in other ways such as by random buckling of the particle in the c-direction near the surface, residuals on the circumference from lithographic processes, and other heterogeneities in the reaction rate constant around the disc surface, all of which would be challenging to model accurately. As such, we opted instead to keep the model as simple as possible while obtaining a reasonable description of the experimental results.
The chemical diffusivity in each layer is derived here for near-equilibrium cases in which the system has only small conentration gradients. Equation S5 (previously derived 13 ) gives ℎ , , which is an effective chemical diffusivity within one layer assuming small concentration gradients. This is expanded in equation S6 using the homogeneous Li/graphite free energy density ( Figure  S4) ,
such that the flux within each layer, = − ℎ , ∇ . Figure S4 : Concentration dependence of (a) local homogeneous free energy density, and (b) chemical diffusivity within a single layer. The common tangent planes in (a) meet the surface at the red points, which represent the equilibrium concentrations for overall concentrations lying within the miscibility gap. In (b), the chemical diffusivity is scaled to the dilute limit tracer diffusivity, 0 .
Finally, the simulation was carried out by imposing a time ramp on the voltage, = tanh 450 , which was done for numerical convenience to emulate a nearly-pristine initial graphite. Simulation results with initial solid filling fractions of 10 -15 and no time ramp = were very similar to those using a time ramp with initial filling fractions of 0.01. However, those with such low concentration initial conditions required extremely tight tolerances and took considerably longer to run. A table of all parameter values used in the simulation is presented in Table S1 .
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